We report experimental results on the structural stability of optically pumped zinc oxide random lasers. We find that the lasing threshold is not entirely stable and depends on the accumulated light exposure received in pulsed optical pumping. We show that exposure levels below $1.5 kJ/cm 2 improve the lasing efficiency and lower the lasing threshold. Beyond that value, however, lasing efficiency and threshold begin to degrade. Electron microscopy shows that the degradation is accompanied by morphological changes characteristic of melting. These changes become visible at an exposure of $0.7 kJ/cm 2 . We suggest that the melting is initially localized within nanometer areas and that the initial improvement is due to defect annealing. For exposures larger than 1.5 kJ/cm 2 , the melting zones connect, leading to deterioration. The findings apply to coherent and incoherent lasing. If stable output from ZnO random lasers is desired, lower lasing thresholds or higher damage thresholds are needed. Published by AIP Publishing. https://doi
INTRODUCTION
Zinc oxide with its direct bandgap at 3.37 eV and an exciton binding energy of $60 meV has found numerous photonic and electrical applications. [1] [2] [3] Efficient excitonic emission from ZnO nanoparticles and comparably long exciton lifetimes make the material an interesting candidate for ultraviolet optically pumped random lasing. 1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Ease of fabrication, small mode volumes, and a variety of spectral characteristics lend themselves to three basic applications for ZnO random lasers: (A) The possibility of speckle-free lasing originating from a non-resonant amplification or the superposition of a large number of optically independent lasing events, (B) the possibility of generating unique spectral distributions from the combinations of just a few random lasing spots, and (C) the possibility of preparing coherent nanoscale lasing sources in simple thin film arrangements. These applications utilize coherent and incoherent lasing regimes, and both of these regimes are accessible in random lasers. 9 Coherent random lasing occurs when the light is sufficiently localized that amplification can occur in closed optical paths. For this to happen, strong scattering is needed with scattering lengths shorter than the wave vector. Resonance and coherence in this regime are then established for paths where the accumulated phase shift equals 2p. 14 In the incoherent regime, the scattering length in the random medium is larger, and diffuse transport rather than localization prevails. In that case, closed paths have a low probability. While amplification can still be strong in this regime, the emission remains non-resonant and incoherent. When a large number of lasing modes with spectral overlap are excited in the same volume or in the same time frame, the emission linewidth is significantly broader than in the case where only a few single modes are observed. We address these regimes in the same ZnO material by using pump lasers with different excitation wavelengths and pulse durations. We find light-induced structural damage and optical property changes for these regimes. For the case of long excitation pulses, i.e., pulse durations of several nanoseconds, we find a very low degree of reproducibility in the emission spectra, similar to what has been observed by others. 4, 5, 7, [11] [12] [13] This stochastic behavior contrasts to the high reproducibility [4] [5] [6] [7] observed with picosecond excitation pulses. While one might suspect the stochastic behavior also to be caused by material damage, our results indicate that this is not the case. Instead, we agree with work that has attributed the low reproducibility to temporal fluctuations that occur when pump pulse times are greater than the exciton lifetime. 4, 5, 13 Our main emphasis, however, is on describing the extent and cause of a lightinduced instability in the operation of ZnO random lasers. We show that lasing thresholds and intensities depend sensitively on total accumulated light exposure. Exposure, as typically occurring during the pumping action, induces initially an enhancement of the lasing properties but then leads to an optical degradation. This degradation is correlated with structural changes that can be attributed to melting.
EXPERIMENTAL DETAILS
Polycrystalline ZnO nanoparticles of 240 nm average diameter were acquired from MKNano Inc. Thin nanoparticle films were prepared on Si or quartz substrates using particle suspensions in 95% ethanol. The substrates were cleaned by sonicating in 5 mM HNO 3 . The thin film preparation used a dip coating process with suspensions containing 20 g/L ZnO nanoparticles. Typically, the dip-coating was repeated 20 times with a drying step at $100 C after each coating and ethanol rinsing after every five coatings. The samples were then annealed at 550 C in air for 1 h. For the lasing experiments, light pulses of 6 ns duration and a wavelength of 355 nm from the 3rd harmonic of a Nd:YAG laser were directed to the samples at 45 incidence. Alternatively, 800 ps light pulses at 337 nm from a N 2 laser were used. An aperture and a quartz lens were used to define an illuminated area of $0.065 mm 2 . Emitted light from the sample was collected at an angle of 90 from the surface plane using an optical microscope coupled to a fiber-optic spectrometer with a wavelength resolution of 0.72 nm. Typical pulse energies for the nanosecond pulses were between 10 and 140 mJ/cm 2 . Pulse energies for the picosecond pulses were between 2 and 40 mJ/cm 2 . Both lasers were operated at a repetition rate of $1 Hz.
Morphology changes were recorded using a FEI Sirion Scanning Electron Microscope (SEM) at an accelerating voltage of 15 kV. The light-exposed areas were marked, such that identical areas could be viewed before and after exposure to the pump lasers. Figure 1 gives an overview on typical lasing spectra and their threshold behavior obtained in nano-and picosecond pumping. Part (a) of the figure shows a set of three single lasing emission lines on a broad photoluminescence background, as typically obtained in picosecond pumping. This type of spectrum is obtained when the pump light excites only a few lasing centers above threshold and when there is no spectral overlap among the different lasing spots. The single-line intensities over the photoluminescence background can be enhanced by adding optical enhancers, such as additional scatterers 6, 9 or plasmonic resonators, 6 to the active material. The threshold behavior for the three lasing lines is shown in Fig. 1(b) . Typical threshold fluences are of the order of a few mJ/cm 2 . Figure 1 (c) shows cases of random lasing excited by nanosecond pump pulses. The line widths here are between $3 and 8 nm, i.e., markedly wider than for the single lines but significantly narrower than the width of the underlying photoluminescence spectrum which is around 15 nm. The broader line width in this case is consistent with spectral overlap among a high density of lasing centers within the microscope field of view. For pump pulses with nanosecond duration, the lasing shows stochastic features, i.e., emission intensity, peak position, and linewidth vary significantly from shot to shot. Figure 1 (d) shows this behavior in three spectra obtained from consecutive pump pulses with the same pump energy of 60 mJ/cm 2 . Despite the stochastic behavior in nanosecond pumping, lasing thresholds for the incoherent lasing can reliably be determined from averaged spectra. The thresholds then present themselves as smooth increases of emission intensity vs. pump intensity with a corresponding linewidth reduction from $15 nm to $3 nm. Figure 1 (e) shows the behavior of emission intensity and linewidth for the threshold region for this case.
RESULTS
We next focus on the stability of the lasing under nanosecond pumping. The main results are shown in Fig. 2 . , indicating stochastic fluctuations in the lasing peak location, intensity, and spectral distribution, obtained with nanosecond pump pulses. (e) Behavior of the intensity and linewidth in the threshold region. Linewidth narrowing is seen to precede the lasing threshold, and at threshold, a marked increase in the lasing emission is observed. The data points are obtained from averages.
Under repetitive pumping, it becomes apparent that the lasing intensities and the threshold values depend on the total accumulated light exposure received by the sample. The four threshold curves shown in Fig. 2 (a) are related to total exposure doses between zero and 1 J for the exposed area of 0.065 mm To put these data into perspective, the exposure of 1 J corresponds to a fluence of $1.5 kJ/cm 2 and a sequence of $11 000 pulses at 140 mJ/cm 2 . The figure reveals that for exposures up to this value, the light emission becomes stronger and the lasing thresholds decrease, corresponding to improved lasing properties. However, for exposure in excess of this value, a deterioration of the emission intensities and the lasing thresholds sets in corresponding to degrading lasing properties. A similar behavior is found for the spectral linewidth as shown in Fig. 2(b) . The data show first a lowering of the linewidth, indicative of optical improvement, but for local exposures exceeding 1 J, and a linewidth increase is observed-in this case to values well below the initial value. Figure 2 (c) summarizes the data for the linewidth and the intensity in one plot.
The material degradation depends sensitively on the pulse fluences used in the exposure, as shown in Fig. 3 . While high pulse fluences induce strong changes already at comparatively low exposure doses, lower pulse fluences result in more moderate lasing changes and require larger doses to reach the maximum effect. When we take the initial slope for the curves in Fig. 3(a) as a measure of the material instability at a given pulse fluence, we can obtain an estimate of the stable lasing regime. This is done in Fig. 3(b) from which a damage threshold of approximately 20 mJ/cm 2 is extracted. This values lies within the band of typical lasing thresholds ranging from 10 to 40 mJ/cm 2 , as shown in Fig. 2 . The results thus indicate that stable operation of these lasers is not given.
We next turn to the morphological changes accompanying the optical changes. At low exposure levels, morphological changes cannot easily be detected. In particular, we were unable to resolve morphological changes after a single pulse exposure, even when the highest available pulse fluence of 141 mJ/cm 2 was applied. However, multi-pulse exposures generate material changes that can well be observed in the SEM. As shown in Fig. 4 , the changes are initially confined to areas of $100 nm at edges and corners of the crystallites but become extended and connected for accumulated exposures. Eventually, the exposed areas develop rounded, droplet-like surface regions indicative of melting. For an accumulated dose of 550 mJ, clear morphological changes are discernible. While Fig. 4 was obtained at a fluence of 141 mJ/cm 2 , the same effects are also seen at lower pulse fluence. For example, pulses of 60 mJ/cm 2 and a total exposure of 3.4 J produce melting, as shown in Fig. 5 .
Finally, in Fig. 6 , we show an example of induced melting with pulses in the picosecond regime. The findings are very similar to nanosecond pulse exposure. Melting is clearly observed for accumulated doses in excess of 1 J with a pulse energy of 9 mJ/cm 2 corresponding to 3-8 times the lasing threshold. It must hence be concluded that lasing excited with picosecond pulses suffers from damage in a similar way as lasing excited with nanosecond pulses. Only the damage thresholds are found to be somewhat larger relative to the lasing thresholds in this case.
DISCUSSION
Several previous studies on ZnO nanoparticle films and structures indicate that annealing at moderate temperatures can lead to improvements in the optical properties. 17, 18 In particular, improved luminescence, increases in the absorption coefficient near the absorption edge, and a steeper absorption tail have been reported. Later work indicated that pulsed laser annealing can lead to similar improvements, and transmission electron micrographs indicated that these changes are accompanied by relaxation of lattice strain and the removal of defects. 15 We therefore attribute the initial improvements in lasing intensity and threshold, shown in Figs. 2 and 3 , to laser-induced thermal annealing effects. An estimate for the temperatures induced in the pumping action can be obtained from the one-dimensional heat diffusion equation where T(x, t) is the temperature, q is the density, c is the specific heat, k is the thermal conductivity, a is the absorption coefficient, and I is the absorbed intensity. For a square pulse falling on to a semi-infinite film, an analytical solution for the temperature gain at the surface of the thin film and at the end of the pulse time s is given by
where I 0 is the laser intensity, R is the reflectance, and D is the thermal diffusivity. When we describe the light pulse as a constant flux I 0 with width s, DT(0,s) gives us an estimate of the temperature gain at the surface. Experimental data for chemically deposited ZnO nano-crystallite films reported by Ref. 20 were used for the thermal conductivity and diffusivity. It is noted that due to the loose packing of solution-deposited nano-particle films, these two parameters can be significantly lower than for compact thin films as obtained from evaporation, chemical vapor deposition, or sputtering. Using these data, we obtain a surface temperature of 2170 K for pump pulses of 6 ns, a wavelength of 355 nm, and a fluence of I 0 ¼ 30 mJ/cm 2 , and for pumping with pulses of 800 ps, a wavelength of 337 nm, and a pulse fluence of I o ¼ 12 mJ/cm 2 , we obtain T ¼ 2160 K. These values are within a few per cent of the melting point for bulk ZnO of 2242 K and support our experimental observation of localized melting features in the exposed films, particularly when other contributing factors are considered, such as an inhomogeneous intensity distribution, non-linear absorption effects, and surface roughness. These effects would lead to an increased light absorbance during the laser pumping process, thereby favoring melting. Furthermore, it is well established 21, 22 that nano-structured films have somewhat reduced melting points and that the melting at nanoscale edges and vertices, as observed here, sets in at temperatures significantly lower than the melting point for the bulk material. Our estimates therefore make the localized melting a very plausible effect for the used operating conditions.
The degradation of the optical properties sets in at exposure levels that appear to coincide with the observation of melting. It therefore appears that stable device operation can be achieved only when the lasing thresholds are significantly decreased or if the damage thresholds are raised. Lower lasing thresholds have indeed been observed for ZnO random lasers prepared from homogenized spherical ZnO microparticles, 23, 24 pointing towards a potential solution of the problem.
It was originally suggested in Refs. 11 and 12 that damage accumulation during individual pump pulses is also responsible for the spectral fluctuations observed in nanosecond optical pumping. However, damage effects could not be demonstrated. From the current work, it is clear that the damage produced by single laser pulses is very small and that only accumulated pulse exposure leads to significant optical changes. This contrasts quite clearly with the stochastic behavior in nanosecond pumping where spectral fluctuations of 630% between single pulses are observed in the lasing spectra and intensities, as shown in Fig. 1(d) . It is thus difficult to explain the stochastic optical output with the comparably small damage induced by single pump pulses. Also, the observation of much higher reproducibility in picosecond pumping at pulse fluences well above the damage threshold indicates that damage is not the cause for stochastic lasing behavior. Alternative causes have been discussed in several publications [4] [5] [6] [7] [11] [12] [13] which point to the shorter recombination lifetimes in the ZnO nanoparticles as compared to bulk ZnO: Essentially, when the recombination lifetimes are substantially shorter than pump pulse times, temporal sequences of un-coupled lasing events can occur within a single pump pulse, and the dynamic evolution of these sequential lasing events is suggested to produce the large shot-to-shot variations in nanosecond pumping.
CONCLUSIONS
We have presented experimental results, indicating a structural instability in ZnO random lasers induced by optical pulses in the picosecond and nanosecond range. We have identified damage thresholds for ZnO particle films that are in the same range as the lasing thresholds. For the wavelengths and pulse lengths selected here, the damage thresholds for random lasing are somewhat higher than the lasing thresholds, and the operational stability is hence somewhat better. We find the optical properties first to improve but subsequently to deteriorate. The initial improvement may be attributed to annealing effects, 14, 16, 17 while the deterioration is associated with accumulating melting. At pump fluences near and above the lasing thresholds, melting behavior is observed. Estimates of the surface temperature reached in the pumping process are within a few percent of the ZnO melting point. These results clearly indicate that stable random lasing in this type of film will remain a challenge.
As others before us, 4,5,7,11-13 we find strong spectral fluctuations in the lasing output when nanosecond pulses are used for pumping, while picosecond pumping generates very reproducible lasing spectra. From the results presented here, it appears unlikely that the shot-to-shot spectral fluctuations in nanosecond pumping are caused by structural damage.
